We have used the VLA to conduct a deep search for 3.6 cm radio emission from nearby very low mass stars and brown dwarfs. The Güdel-Benz relation is used to predict radio luminosities for some very low mass stars and candidate brown dwarfs with measured X-ray fluxes. The predicted radio fluxes are quite small, whereas the measured radio flux from the brown dwarf candidate ρ Oph GY 31 is relatively strong. In light of our new observations, this object remains an anomaly. We present upper limits for our measured radio fluxes at 3.6 cm for our targets.
INTRODUCTION
Radio emission is a common observational indicator of stellar magnetic activity. Late-M dwarfs like UV Cet and Proxima Cen emit quasi-steady continuum radio emission at centimeter wavelengths, which has been interpreted as gyro-synchrotron emission or gyro-resonance emission (e.g., Linsky & Gary, 1983; Güdel & Benz 1996) . This emission could be the superposition of many small flares. These stars occasionally show large flares at radio wavelengths that may be coherent emission or gyro-synchrotron emission from highly energetic electrons. Flares have been detected on some very late type stars such as VB 10 (M8e) and 2MASS J0149090+295613 (M9.5V) in the optical, X-ray and ultraviolet (e.g., Linsky et al. 1995; Liebert et al. 1999) .
While the nature of the dynamo mechanism for amplifying magnetic fields in fully convective stars (those later than about spectral type M5 corresponding to M < 0.3M ⊙ ) is probably different from the more massive stars with radiative cores, Fleming et al. (1993) and others find no observed change in activity indicators such as X-ray surface fluxes near spectral type M5. No qualitative change in the dynamo is expected at the boundary dividing the lowest mass stars from the substellar objects since both types of objects are fully convective, but this assumption has not been tested. Studies of stellar activity in the lowest mass M dwarfs have shown that these stars are very active X-ray emitters (e.g., Fleming et al. 1993 , Basri & Marcy 1995 , Drake et al. 1996 , Giampapa et al. 1996 .
Brown dwarfs are very low mass objects (M < 0.08 M ⊙ ) with cores that are not hot enough to support hydrogen burning. They can only burn deuterium very early in their evolution. The long search for these substellar objects has recently uncovered brown dwarfs in young open clusters, as free-floating objects in the field, and around nearby M dwarfs (c.f. Nakajima et al. 1995; Zapatero-Osorio et al. 1997; Tinney, Delfosse, & Forveille 1997; Ruiz, Leggett, & Allard 1997) . Several ongoing surveys, including the DENIS and 2MASS surveys, are currently discovering these objects Kirkpatrick et al. 1999) .
It is commonly believed that brown dwarfs should have magnetic fields, flares, nonthermal particles, and nonthermal radio emission like the very late-M dwarfs because (i) both late-M dwarfs and brown dwarfs are fully convective with similar interior structures and (ii) brown dwarfs appear to be rapid rotators (e.g., Basri & Marcy 1995) that should strengthen the dynamo mechanism. Therefore, brown dwarfs should have magnetic dynamos. The detection of either steady or flare nonthermal radio emission from brown dwarfs would provide unambiguous evidence that brown dwarfs do indeed have magnetic fields and the related phenomena that magnetic fields produce in stars. The detection of magnetic fields in brown dwarfs would confirm the prediction that the magnetic behavior of normal stars continues down to substellar masses, and thus be of great significance in our understanding of brown dwarfs.
The VLA has been used previously to observe extremely low mass stars, including the confirmed brown dwarf, Gl 229B, but no detections have been reported. There is one detection of relatively strong (but highly variable) radio emission from a brown dwarf candidate: ρ Oph GY 31 shows 3.6 cm radio emission varying from 0.5 mJy to ≤0.1 mJy (Neuhäuser et al. 1999) .
In this paper, we report the results of an observational program to look for radio emission from some very low mass stars and brown dwarfs using the VLA.
1 We conducted a deep search at X-band (corresponding to a wavelength of 3.6 cm or a frequency of 8.46 GHz) where the VLA is most sensitive. The previous observations were mostly at longer wavelengths and for short integration times. Sec. 2 describes our observations and data reduction methods, Sec. 3 presents our results, while Sec. 4 summarizes our conclusions.
OBSERVATIONS AND DATA REDUCTION
We observed four very low-mass stars (spectral types M7-M9) and two brown dwarfs to study radio emission as we proceed from the lowest mass stars to substellar objects. We selected targets that lie within 12 pc of the Sun to maximize chances of detection. Some characteristics of our targets are presented in Table 1 . As the ages of these objects are not known accurately, we list in column 6 ages estimates quoted in the literature.
The brown dwarf Kelu-1 has not previously been observed at radio frequencies. The other targets in our sample were observed by the VLA, mostly at wavelengths where the VLA is less sensitive, or for shorter integration times. None of these previous observations have yielded any detections.
In order to increase the chances of detection, we used the maximum allowed bandwidth (50 MHz) for each of the two observing frequencies inside the X band, for a total of 100 MHz bandwidth. The observations were made from UT 14:00 to UT 24:00 on JD 2451109.5 (1998 Oct. 23) and from UT 11:30 to UT 21:30 on JD 2451110.5 (1998 Oct. 24). The exact on-source integration times are presented in Table 2 .
The VLA was in MOVE configuration (B→C) during our observations. We determined that the northern arm of the array was in B configuration, while the other 2 arms had already been moved to the C configuration. The resulting measured beam width was 2.4 ′′ , which is very close to the beam width of 2.3
′′ for the C configuration of the array at X band.
For the flux density calibration, we chose the compact radio source 3C286 (1331+305). The phase calibrators for each of the sources were selected from the VLA calibrator manual to lie within 5
• of the source. The measured flux densities are close to the values reported in the VLA calibrator manual (Perley & Taylor 1999) . Our observing sequence included the primary flux density calibrator observation for about 10 minutes, and an observation of the phase calibrators at least every 30 minutes.
For the data reduction, we used the Astronomical Image Processing System (AIPS, release 15Apr1998) developed at National Radio Astronomy Observatory (NRAO). All necessary steps of the standard reduction pipeline to get the total intensity map were done using AIPS tasks. The final cleaning was performed using the Cotton-Schwab algorithm. Little data editing was necessary due to an overall good data quality despite the uncertainties in the antenna positioning that could be introduced by the "moving" configuration.
We evaluated the r.m.s. noise levels (listed in Table 2 ) by selecting large areas on the maps where no sources appear. Assuming that the system temperature of the antennas and the efficiencies are equal to the tabulated values, we calculated the expected r.m.s. noise for an integration time, t int = 2.5 h (150 minutes). Using the parameters for our observational setup, the calculated r.m.s. noise is ∼10µJy, which is close to the actual values we have measured from our constructed maps.
RESULTS AND DISCUSSION
We did not detect our targets at 3.6 cm or see any radio flares in our radio maps, despite the long integration times. We present our measured flux upper limits in Table 2 . The integration times for our targets were selected to provide a detection of the target if it were as radio luminous at 3.6 cm as the relatively inactive M5.5 V star, UV Cet (flux of 1 mJy at a distance of 2.7 pc, Güdel & Benz 1996) . Our observations allowed us to reach the sensitivity level needed to detect our stars if the scaling from UV Cet is realistic.
The computed L 3.6cm /L bol upper limit ratios for our observed targets are presented in column 5 of Table 2 . This ratio is calculated to be 1.7 ×10 −18 for UV Ceti. We see that the upper limit for the ratio of radio luminosity at 3.6 cm to the bolometric luminosity for our targets lies between 60 times larger and three times smaller than the ratio for UV Ceti.
A source was detected in the map made for the VB 10 (Gl 752B) field (Table 3) . The source is a 20σ detection, and thus is real. Gl 752 is a binary system with the primary being a high proper motion M2.5 star. We checked to see if our detected source corresponds to the position of the primary, Gl 752A, and determined that it did not. The source was previously detected by Leto et al. (in preparation) . It is interesting to note that Leto et al. had radio images of this field at Q-band (7mm), K-band (1.3cm), U-band (2cm) and X-band (3.6cm). However, they detected a source at the same position as reported in this paper only in the X-band. This source has also been cataloged in the NRAO VLA sky survey at 1.4 GHz with a measured flux of 11.4 mJy (Condon et al. 1998 2 ). We would like to point out that the flux levels are different in the two observations of this object at 3.6 cm (Leto et al., in preparation; present paper) . This might imply that the source is variable.
The detection of activity indicators such as radio emission, X-ray emission, and starspots on these very low mass stars and brown dwarfs would indicate the presence of magnetic fields on these objects. There have been some optical monitoring campaigns to determine rotational periods for brown dwarfs by measuring spot modulation (e.g., Terndrup et al. 1999) . The optical campaigns have yielded periods for very low mass stars close to the substellar boundary, although there are still no measurements of photometric rotation periods for bona-fide brown dwarfs. Highly variable radio emission at 3.6 cm has been detected from the young brown dwarf candidate ρ Oph GY 31, which indicates the presence of a magnetic field (Neuhäuser et al. 1999 ). X-rays have recently been detected from some other very young candidate and bona-fide brown dwarfs (Briceño et al. 1998; Neuhäuser & Comerón 1998; Neuhäuser et al. 1999 ), but no signs of magnetic activity have been detected from bona-fide brown dwarfs older than a few million years. A recent paper by Neuhäuser et al. (1999) discusses a possible explanation: as brown dwarfs age, they cease to burn deuterium in their cores, their cores cool off, and the decreased temperature difference between the core and the surface leads to less vigorous convection. As strong convection is likely needed to make the dynamo work, rapidly rotating older brown dwarfs with weak convection may not have strong enough magnetic fields to produce strong X-ray emission or nonthermal radio emission or show significant spot coverage.
We have predicted the radio flux for the bona-fide brown dwarfs and brown dwarf candidates that have been detected in X-rays, using the Güdel and Benz (1993) 
15.5 × L R , where L R is the radio flux at 3.6 or 6 cm. This relation is based on X-ray and radio observations of many active stars covering a broad range of spectral types, but not brown dwarfs. Table 4 presents the predicted radio fluxes for these objects as well as for the very low mass M dwarfs VB 8 and VB 10. We see that the predicted fluxes from the brown dwarfs are very low, less than 1µJy. In particular, the predicted flux for VB 8 is close to our measured upper limit, while the predicted flux for VB 10 is much lower than our measured upper limit.
We also predicted the radio flux for GY 31, the candidate brown dwarf in Ophiucus. This object has very low level X-ray emission (log(L X /L bol ) = -5.81) and 3.6 cm radio 2 A brief description of the catalog is available at "http://www.cv.nrao.edu/∼jcondon/nvss.html". A search of this catalog may be conducted through the web interface at "http://www.cv.nrao.edu/NVSS/NVSS.html" emission varying from 0.5 mJy in its high state to ≤0.1 mJy in its low state (Neuhäuser et al. 1999) . Applying the Güdel-Benz relation to this star, we find that its predicted radio emission, based on its X-ray emission would be ∼0.05µJy. This is four orders of magnitude below the observed value. Hence, we speculate that this relation may not be valid at the very bottom of the main-sequence and in the substellar regime due to differences in convection velocities and possibly weaker dynamos (and thus magnetic fields). It is also possible that the radio flux for GY 31 was measured during an active period (such as a flare).
Thus, with exceptions such as GY 31, the radio fluxes for very low mass objects older than a couple of million years maybe too low to be detectable with current technology and sensitivity limits.
CONCLUSIONS
We observed four very low-mass M dwarfs (M7-M9) and two brown dwarfs within 12 pc of the Sun with the VLA at 3.6 cm. Our long integrations were designed to detect radio emission from brown dwarfs and to establish a continuity of this emission from the bottom of the main sequence to the substellar objects. However, our observations did not yield a detection of any of the sources. We present some upper limits of detection for these objects.
The detection of either steady or flare nonthermal radio emission from brown dwarfs would provide unambiguous evidence that brown dwarfs indeed do have magnetic fields and the phenomena that magnetic fields produce in stars. Brown dwarfs are probably most magnetically active when they are young, (of the order of a few million years). Both Kelu-1 and Gl229B are relatively old sources (∼1 Gyr and 10 Gyr respectively) as are the dMe stars we studied (several times 10 8 yrs). Many of the young brown dwarfs that have been discovered recently are in distant clusters. Our calculations show that their radio fluxes may be too low to be detected with current sensitivity limits. A deep search for radio emission from a nearby young brown dwarf, if one is discovered, should prove more successful. The search for brown dwarfs is currently very vigorous and we will soon have such candidates to study. A detection of radio emission from these enigmatic objects would allow placement of better constraints on the hot plasma in the coronae of these objects and the mechanisms by which it may be heated.
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